Background: Recently, brain-derived neurotrophic factor (BDNF)/high molecular
acceptable root surfaces are critical to arrest the progression of periodontitis. 7 Scaling and root planing (SRP) is aimed at removal of subgingival biofilm and calculus, and it has proven to be the gold standard of nonsurgical periodontal therapy for most patients with chronic periodontitis. 8 The efficacy of SRP is well documented by the demonstration of gains in clinical attachment level (CAL), reductions in periodontal pocket depth (PPD) and in the frequency of bleeding on probing (BOP). [8] [9] [10] However, its effectiveness is limited by anatomic factors (furcation involvement, tooth type and surface) and operator skill. 11 SRP typically leads to the formation of a long junctional epithelium, which is a risk factor for recurrence of periodontitis. 12 Various therapeutic strategies have been proposed to improve the result of SRP and subsequently avoid the need of surgical periodontal interventions. The local application of minocycline in the treatment of periodontitis as an adjunct to SRP was effective for suppressing regrowth of periodontal pathogens, suggesting risk reduction of recurrent periodontal pathogens compared with SRP alone. 13 Eick et al. indicated possible antibacterial effects of high molecular weight hyaluronic acid (HMW-HA) on periodontopathogenic bacteria as an adjunct to SRP and possibly increased reduction in PPD. 14 Though the above approaches showed antimicrobial effects, they cannot regulate periodontal cell functions to enhance periodontal tissue regeneration.
Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, plays a role in the survival and differentiation of central and peripheral neurons by binding to tropomyosin receptor kinase B (TrkB). 15 In addition, BDNF and its receptors are also expressed in various types of nonneuronal cells, such as vascular endothelial cells, osteoblasts, cementoblasts, periodontal ligament cells, and immune cells. BDNF has specific effects on these cells as well as on neural cells. [16] [17] [18] [19] [20] [21] We recently demonstrated that BDNF with flap surgery promotes regeneration of cementum and alveolar bone in dogs' class III furcation defects by regulating the function of periodontal ligament cells, vascular endothelial cells and cementoblasts. 16, 22, 23 HMW-HA has been used as a scaffold for BDNF. 23 Furthermore, in a study in dogs, severe inflammation was not observed during BDNF-induced periodontal tissue regeneration. 23 Conversely, in sham-operated sites, remarkable inflammatory cell infiltration was observed. 23 Taken together, BDNF is predicted to inhibit excess inflammation. Moreover, BDNF exerted apoptotic and cytostatic effects in gingival epithelial cells in vitro. 24 These characteristics of BDNF may support formation of new cementum with decreased epithelial migration when used as an adjunct to SRP.
The objective of this study was to develop unprecedented nonsurgical regenerative therapy for small periodontal defects using BDNF/HMW-HA complex. This study investigated the change in clinical parameters and histology of periodontal tissue in dogs with ligature-induced periodontitis after treatment with SRP or SRP combined with local application of BDNF/HMW-HA. We hypothesized that if adjunctive application of BDNF/HMW-HA complex can reduce excess inflammation and enhance periodontal tissue regeneration, then it can decrease the probability of recurrence or progression of periodontitis without the burden of surgery and may provide a beneficial effect on general health conditions.
MATERIALS AND METHODS

Experimental animals
Six female beagle dogs (body weight, 10-14 kg; age, 12-20 months), which was the fewest number of animals possible, were procured. The dogs were housed in individual booths, with the room temperature set at 22 ± 2 • C and a 12-h light/dark cycle (lights on/off at 8:00 a.m./8:00 p.m.) and were given ad libitum access to food and water. The dogs were monitored daily throughout the study period by a veterinarian accredited in laboratory animal science. Experimental procedures were approved by the Committee of Research Facilities for Laboratory Animal Science, Hiroshima University School of Medicine specifically approved this study (Permit No. A16-140). In addition this article was written according to the ARRIVE guidelines. 25 
Development of periodontitis
Before the onset of the study all the experimental teeth were scaled. One week after scaling, dogs were anesthetized with butorphanol tartrate (Meiji Seika, Tokyo, Japan) (0.1 mg/kg), midazolam (SANDOZ, Yamagata, Japan) (0.15 mg/kg) and medetomidine hydrochloride (Orion, Espoo, Finland) (20 g/kg), and the clinical periodontal parameters of gingival index (GI), CAL, PPD and BOP were recorded (Fig. 1A) . To standardize the measurement of CAL and PPD, an individual indicator was made and used. Four sites per tooth were examined: mesio-buccal, disto-buccal, mesio-lingual, and disto-lingual. Following sulcular incisions, mucoperiosteal flaps were raised and 3-0 silk ligatures (Ethicon, Somerville, NJ) were tied quintuple around the cervical region of mandibular second, third, and fourth premolars (P2, P3, and P4, respectively) to induce experimental periodontitis under local infiltrated anesthesia with 2% lidocaine with 1:80,000 noradrenaline (Fujisawa, Osaka, Japan). The flaps were then repositioned coronally and sutured by the interrupted suture method with 4-0 silk sutures (Ethicon) (Fig. 1C(a)-(d) ). To promote plaque formation, beagles were fed a soft diet during the induction period (5 weeks). The presence of ligatures was checked once a week. After 5 weeks, the silk ligatures were removed without flap reflection. One week after ligature removal, GI, CAL, PPD, and BOP were recorded to evaluate periodontal status (Fig. 1A ).
BDNF/HMW-HA complex application
Recombinant human BDNF (R&D Systems, Minneapolis, MN) and synthesized HMW-HA gel (DENKA Co., Ltd., Tokyo, Japan) (molecular weight, 2 million daltons) were used in this study. The efficacy and release profile of this delivery system have been reported by our group. 23 One week after ligature removal, experimental sites were divided into four treatment groups: no treatment (control), SRP alone, SRP followed by single-dose local application of HMW-HA (SRP+HMW-HA), and SRP followed by single-dose local application of BDNF (500 g/ml)/HMW-HA complex (SRP+BDNF/HMW-HA). Six teeth (24 sites) were distributed to each group (supplement 1). The SRP was performed using hand instruments (Hu-Friedy, Chicago, IL) (Gracey curettes, No. 3/4, 5/6 and 7/8) by the same periodontist. Fifty microliters/tooth (4 sites) of HMW-HA or BDNF/HMW-HA was topically applied to periodontal pockets using a mini syringe (Neo Dental Chemical Products Co., Ltd., Tokyo, Japan). After these treatments, the dogs were fed a hard diet to reduce plaque formation. Two weeks after application, GI, CAL, PPD, and BOP were recorded (Fig. 1B ).
Tissue preparation
Anesthetized animals were perfused with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2). Their mandibles were then dissected and immersed in the same fixative. After decalcification with 10% EDTA solution (Nacalai Tesque, Inc., Kyoto, Japan) (pH 7.4) for 10 weeks, the tissues were dehydrated through a graded ethanol series, cleared with xylene and embedded in paraffin. Serial sections (5-m thick) were cut in the buccal-lingual plane throughout the mesialdistal extension of the teeth. Sections showing the center of the root were subjected to hematoxylin and eosin (HE) staining or Azan staining. Histologic analysis was performed using a light microscope.
Immunohistologic staining
Some sections were stained with rabbit polyclonal anti-TrkB (Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 1:100, goat polyclonal anti-human osteopontin (OPN) (Cosmo Bio, Carlsbad, CA) at a concentration of 1:100 and mouse monoclonal anti-human macrophage surface antigen (AM-3K) (TransGenic Inc., Kobe, Japan) at a concentration of 1:25. Following sequential incubation with donkey antigoat IgG-HRP (R&D Systems) (1:300) or goat anti-rabbit IgG-HRP (R&D Systems) (1:300), the sections were treated with a diaminobenzidine solution (DAKO, Glostrup, Denmark) to visualize the immunoreactivity. Thereafter, slides were counterstained with hematoxylin. As negative controls, some sections were incubated without primary antibody (data not shown).
Morphometric analysis
Twenty-four teeth (96 sites) from 4 dogs were used for the analysis of 4 groups (control, SRP, SRP+HMW-HA and SRP+BDNF/HMW-HA). Six teeth (24 sites) were assigned to each group. The length from the gingival margin to the apical extent of junctional epithelium (GM-AJE) in HE-stained samples were measured using ImageJ Java-based image processing software (National Institutes of Health).
Anaerobic culture of bacteria from the ligature
The ligature was removed from the tooth by using a sterile scalpel and a tweezer. The part of the ligature placed deepest in the periodontal pocket was cut off for culture. Then the sample ligature was transferred to a glass vial containing GAM broth (Gibco, Tokyo, Japan). Using a sterile cotton swab, bacteria were inoculated onto a sheep blood agar plate (KYOKUTO, Tokyo, Japan). The plate was incubated for 7 days under anaerobic condition by the AnaeroPack system (Mitsubishi Gas Chemical Company, Tokyo, Japan).
Statistical analysis
Persons carrying out randomization, data collection, and data analysis were unaware of treatment group allocation. The primary outcome variables were change in PPD and CAL. Secondary outcomes variables were BOP positive rate and change in GI. Statistical analysis in Figure 2 was performed by Student's t-test (PPD, CAL, GI) or the chi-square test (BOP). For the assessment of clinical parameters, 6 teeth (24 sites) were chosen from Dog 1 and 2. Statistical analysis in Figure 3 was performed by Tukey's HSD test (PPD, CAL, GI) or Tukey's WSD test (BOP), n = 24 (6 teeth). Statistical analysis in Figure 6 was performed by ANOVA. Values represent the mean ± SD of 24 sections for each group. Because of the exploratory nature of this study, no sample size calculation was performed and sample was determined by considering the previous study 26 as reference.
RESULTS
Following anaerobic culture of bacteria from the ligature, black-and white-colored colonies were observed on the culture plate and some colonies had hemolytic activity (Fig. 1D) .
In the ligature-induced periodontitis site, the gingiva was swollen, and the epithelial lining of the gingival crevice (Fig. 2B, 2D) . In healthy sites of all animals, severe inflammation was not observed (Fig. 2A,  2C, 2E ). However, in ligature-induced periodontitis sites, remarkable inflammatory cell infiltration comprising mainly lymphocytes (Fig. 2D) and macrophages (Fig. 2F ) was observed. The clinical parameters (PPD, CAL, BOP, and GI) of ligature-induced periodontitis sites were significantly worse than those of healthy sites (Fig. 2G) . The mean PPD was 2 mm in healthy sites and 3.08 ± 0.49 mm in ligatureinduced periodontitis sites (Fig. 2G(a) ). The mean CAL was 0 mm in healthy sites and 2.7 ± 0.79 mm in ligatureinduced periodontitis sites (Fig. 2G(b) ). The ratio of BOPpositive sites was 0% in healthy sites and 87.5% in ligatureinduced periodontitis sites (Fig. 2G(c) ). The mean GI was 0 in healthy sites and 2 ± 0.5 in ligature-induced periodontitis sites (Fig. 2G(d) ).
The mean change in PPD in the control, SRP alone, SRP+HMW-HA, and SRP+BDNF/HMW-HA groups was 0.125 ± 0.6 mm, −0.25 ± 0.66 mm, −0.54 ± 0.64 mm, and −1.08 ± 0.7 mm, respectively (Fig. 3A) . The mean change in CAL in the control, SRP alone, SRP+HMW-HA, and SRP+BDNF/HMW-HA groups was −0.17 ± 0.55 mm, 0.25 ± 0.43 mm, 0.5 ± 0.5 mm, and 1.29 ± 0.84 mm, respectively (Fig. 3B) . The ratio of BOP-positive sites in the control, SRP alone, SRP+HMW-HA, and SRP+BDNF/HMW-HA groups was 100%, 62.5%, 37.5%, and 20.8%, respectively (Fig. 3C) . The mean change in GI in the control, SRP alone, SRP+HMW-HA, and SRP+BDNF/HMW-HA groups was −0.04 ± 0.2, −0.13 ± 0.67, −0.58 ± 0.86, and −1.42 ± 0.81, respectively (Fig. 3D) . Notably, periodontitis progressed in the control group.
In the control group, calculus formed on the dentin surface and severe inflammatory cell infiltration in the pocket epithelium and connective tissue under the epithelium was observed compared to that of the other groups (Figs. 3E-3H , 4A). The epithelium was contiguous and covered all of the corium; however, it exhibited varying degrees of degradation (Fig. 3E) . The control pockets exhibited elongation of rete ridges (Fig. 3E) . In connective tissue, enlargement of blood vessels was evident (Fig. 4A) . Abundant multinucleated giant cells were observed on the surface of alveolar bone (Fig. 4B) .
In accordance with the results of clinical parameters, the SRP+BDNF/HMW-HA group showed shallower periodontal pockets (Fig. 3H ) and less inflammatory cell infiltration than that of the other groups (Fig. 4A, 4C , 4E, and 4G). Furthermore, regenerating alveolar bone containing connective tissue fibers was observed (Fig. 4H) . Conversely, regenerating bone was not observed in the SRP and SRP+HMW-HA groups ( Fig. 4D and 4F) .
The insertion of new connective tissue fibers into new cementum and new bone in the SRP+BDNF/HMW-HA group was observed by Azan staining (Fig. 5A, 5C ). OPN expression was localized to dentin surfaces on which the cementum had regenerated, and cementoblasts lining the cementum surface were also immunoreactive for OPN (Fig. 5B) . OPN was also highly expressed in areas of new bone (Fig. 5D) . Immunohistochemical analysis showed that many cells around the dentin surface and new bone were positive for TrkB ( Fig. 5E and 5F ).
The percentages of GM-AJE length in the SRP groups, SRP+HMW-HA groups, and SRP+BDNF/HMW-HA groups compared to the control groups were 74.0 ± 15.2%, 70.6 ± 12.8%, 42.9 ± 13.6%, respectively (Fig. 6B) .
DISCUSSION
Animal models have contributed to the generation of new knowledge in periodontology. Dogs provide an appropriate model to study naturally occurring gingivitis and periodontitis. 27 In dogs, the subgingival plaque involves predominantly anaerobic Gram-negative cocci and rods, e.g., Porphyromonas gingivalis and Fusobacterium nucleatum, similar to human bacteria. 28 The present anaerobic culture results also indicated that the dogs were coinfected with various anaerobic bacteria that cause periodontitis. Although dog models have provided a large amount of data, it is sometimes difficult to determine whether the findings are applicable to humans. Thus, a simple and reproducible model that mimics human pathogenesis of periodontal disease is required. The present study demonstrated a simple and reproducible experimental ligature-induced periodontitis dog model that reproduced the human disease phenotype.
Periodontal inflammation, which begins as an acute inflammatory response after host-bacteria interaction, progresses into a chronic stage dominated by lymphocytes and macrophages. 29 The present ligature-induced periodontitis dog model also showed remarkable inflammatory cell infiltration, mainly lymphocytes and macrophages. Furthermore, despite the high healing power of dogs, there was an attachment loss at 3 weeks after ligature removal (Fig. 3B, control  group) . Therefore, the present dog model is suitable to examine effects of BDNF. The duration of treatment phase was 2 weeks in the present study. Further observational study with long term follow-up is necessary.
In this study, the SRP group showed the tendency of PPD reduction and attachment gain compared to that of the no treatment (control) group, although to a lesser degree than the SRP+HMW-HA group and the SRP+BDNF/HMW-HA group. This finding is in accordance with the results of previous studies. [8] [9] [10] Hyaluronic acid (HA) is a nonsulfated, linear glycosaminoglycan and a major component of the extracellular matrix. In addition to its function in viscoelasticity of joint synovial fluid and organization of the cartilage extracellular matrix, 30 HA plays a crucial role in wound healing. 31, 32 HMW-HA and low molecular weight (LMW)-HA exert various mitogenic effects depending on the cell type and source, as well as the concentration of HA. 33 Compared to LMW-HA, HMW-HA has the following properties: a longer residence time, higher viscosity and higher biocompatibility. 34 HMW-HA also has anti-inflammatory effects. HMW-HA inhibits IL-1 , IL-6, and tumor necrosis factor mRNA expression and cyclooxygenase-2/prostaglandin E 2 production in IL-1-stimulated synovial fibroblasts. 35 In dentistry, only a few studies have applied HA as an adjunct to SRP in nonsurgical treatment of periodontitis. Johannsen et al. reported significant reductions in BOP and PPD after the adjunctive use of Figure 4G and 4H, respectively. The dentin surface (black arrowheads) and cementoblasts (white arrowheads) were immunoreactive for OPN. OPN-positive cells (white arrows) were also observed around the new bone. (E) and (F) show immunolocalization of TrkB. The photographs are higher magnifications of rectangular areas shown in Figure 4G and 4H, respectively. ##: new cementum. D: dentin. NB: new bone. Bars: 50 m subgingivally applied HA gel. 36 However, Xu et al. reported no influence of HA on clinical variables. 37 In the present study, the SRP+HMW-HA group demonstrated significantly greater reductions in PPD and GI and gain in CAL compared with the no treatment (control) group, although to a lesser degree than the SRP+BDNF/HMW-HA group. There was no significant difference in clinical parameters between the SRP and SRP+HMW-HA groups; however, the mean values were more improved in the SRP+HMW-HA group compared with those in the SRP group. Further studies are needed to verify the mode of action of HMW-HA in periodontitis.
In the present study, the adjunctive application of BDNF/HMW-HA gel potentially generated beneficial effects on periodontal health; the SRP+BDNF/HMW-HA protocol resulted in significantly improved clinical parameters compared with other treatment groups. Further, the images of HE stained sections reflected the results of clinical parameters. We also showed the localization of OPN immunohistochemically. OPN is a noncollagenous protein that predominantly accumulates at mineralized connective tissues, and plays important roles in bone remodeling, cementogenesis and cementum regeneration. [38] [39] [40] Because OPN is one of the cementum matrix proteins, and because cementoblasts secrete OPN, accumulation of OPN on the denuded root surface is thought to be a primary event during the formation of regenerative cementum. 41 In the present study, 2 weeks after BDNF application, OPN deposition, and OPN-expressing cells were detected on the denuded root surface and in connective tissue adjacent to cementum-like tissue, respectively. These observations are in accord with previous studies that demonstrated OPN deposition on the dentin surface is important in the initial stage of cementogenesis 41 and suggested OPN controls mineralization during periodontal ligament formation. 42 Indeed, the present Azan staining showed a thin cementum with sparse collagen fibers. This result was consistent with our previous studies that showed BDNF increased the expression of bone and cementum-related proteins in cultured periodontal ligament cells and cementoblasts through TrkB. 16, 22 Notably, suppression of apical migration of epithelial tissue was seen in the BDNF-containing group. In fact, CAL was increased in the SRP+BDNF/HMW-HA group (Fig. 3B) . Rapid cementum formation on the dentin surface might prevent epithelial invasion in the early regenerative phase. Furthermore, apoptotic and cytostatic effects of BDNF in gingival epithelial cells are probably involved in the prevention of epithelial invasion. 43 In morphometric analysis, the SRP+BDNF/HMW-HA group showed the shortest length of GM-AJE compared to those of other groups. The decrease probably resulted from above mentioned effects of BDNF.
TrkB is required for BDNF-induced periodontal tissue regeneration. 44 In this study, we observed the immunolocalization of TrkB at 2 weeks after the application of the BDNF/HMW-HA complex. In agreement with a previous study, 45 osteoblasts around regenerating bone showed positive reaction for TrkB. TrkB-expressing cells were also observed on the dentin surface. Epithelial cell invasion was not observed, and new cementum was observed in the BDNFcontaining group. Therefore, TrkB-expressing cells on the dentin surface could be regarded as cementoblasts and periodontal ligament cells.
CONCLUSIONS
Under the current experimental conditions, the adjunctive use of BDNF/HMW-HA complex was effective in improving clinical parameters. Further, histologic observations reflected the results of clinical parameters. These findings suggest that BDNF/HMW-HA complex as an adjunct to nonsurgical periodontal treatment has the potential to reduce excess inflammation. The previous report demonstrated periodontal tissue regenerative effects of BDNF/HMW-HA complex in a surgical setting where the apical extension of the defect is indicated by notches placed in the root surface. However, in the present experimental condition, it is difficult to make reference notches representing the apical extension of the defect. Therefore, the present study can't conclude BDNF/HMW-HA complex enhance tissue regeneration, though regenerating alveolar bone and cementum was observed in Figure 4H and Figure 5 . Further investigations will be needed to clarify periodontal tissue regenerative effects of BDNF/HMW-HA complex in a nonsurgical setting.
